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PREFACE

Project MICHIGAN is a continuing lo,•-r.,n•- rr ,sarch a~d i.-v, lpn• ,r,).-,

for advancing the Army's combat surveilLsive and tar .t-a!-q'1ist-) pat!!t' s. T!w'

program is carried out by a fuli-timi staff ;,f sp#:ciahlsts irt p .,si%,: tz:z::. rji,. mnzh-

ematics, and psychology at the Institut", of :-;iencs, WAd T ch44:•#zv. a':d by t, •'{rs of

the teaching faculty ard graduate studen.s of otfhor r,:sfarch vroups arn laijwraorih-s

of The University of Michigan.

The emphasis of the Project Is upon research in imaging radar, %MTI radar, infra-

red, radio location, image processing, and special investigati-ns. Particular atten-

tion is given to all-weather, long-range. high-resolutio.m sensery and location tech-

niques.

Project MICHIGAN was established by the U.S. Army Signal Corps at The Uni-

versity of Michigan in 1953 and has received continuing support from the U.S. Army.

The Project constitutes a major portion of the diversified program of research con-

ducted by the Institute of Science and rechnology in order to make available to

government and industry the resources of The University of Michigan and to broaden

the educational opportunities for students in the scientific and engineering disciplines.

Documents issued in this series of Technical Memorandums are published by the

Institute of Science and Technology in order to disseminate scientific and engineer-

Ing information as speed .y and as widely as possible. The work reported may be

incomplete, but it is considered to be useful, interesting, or suggestive enough to

warrant this early publication. Any conclusions are tentative, of course. Also in-

eluded In this series are reports of work in progress which will later be combined

with other materials to form a more comprehensive contribution in the field.

Progress and results described in reports are continually reassessed by Project

MICHIGAN. Comments and suggestions from readers are invited

Robert L. liess
D)irector

Project MICHIGAN
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rihis paipwr dIiscusses~ sorno. genorral tf. ,r'tiral t' r-

istjcs of hlunian short-tern; iermorv. airsd in part on iorn, 4 xrlurirta ML.l Aurics (of

human short-term rnenjory for alphanu -ir ne m.ua.c'vs. Arax!'si.; of human functitn

in combat surveillance informnation-p roci.,: i-, s;temn ,f Avr# r' ftevu-I of conmk-xitv.

including simple search of sensor output fisfplay%. r*ývoalk a stror4r. inv-lherent of

human short-term memory capabilities. The state of q':antitative. empirical know-

ledge about those capabilities, under test conditions appropriate to the human tasks

in combat surveillance, is meager, and theory is as yet poWorlv developedA. A pro-

gram of research was initiated by the Engineerin,.n Psycholotgy LIalyjratory of the

University under Project MICHIGAN in 1960 to re&dee this deficiency in knowledge

at the same time that such memory functions; were (xamined in the context of human

tasks in combat surveillance.

This general theoretical paper is the first formal report that uses some of the

information gained in this program before its termination in 1962. Other subsequent

reports will cover specific experimental studies in detail.



itnoiloe of r'c and Technologjy T e ?'2 - s

CO.TE rS

Notices ..................................

Preface .................................. . n

Foreword .................................

List of Symbols ..............................

Abstract ............... ................................. 1

1. Introduction ........... .............................. 2

2. The Domain of a Theory of Memory ...... ................. 4

3. STM andLTM: Continuum or Dichotomvy, ...... .............. 10

4. Implications ............. .... ........................ 26

References ............. ................................ 29

Distribution List ............ ............................. 32

" v~ii



CNS Central ticrJof 4;v~ttrn

CS Conditionied s4tirllu Iii

CVC, Cons4ona tit- vowel -e -wtm'ttr:,rai

LTMI 1Aon-term rniemry

III Proactiv( inhjilitirm

s Subject

stir Habit stren-gth

STM Short-terr~ memory

viii



IMPL.ICA'rlONs OF SIIOF'T-T VP.M .MNVV,,A'" yO A (!,Ny A!,
THEOPY OF .MF%0!"•,Y

AIMTRACT

A dichotomy of human memory into "'immedilte" meranry and l..ni-turm mem-
ory (associative memory, habit) has tben widely accepted for many years and has
been formally stated by sonic theorists. This assumed dichMVtmy of the phenoniena
of short-term memory and long-term mnemory is examtrisd and rejected in this paper.
First. i numibe. k-J current Issues in lcarrtn-: thf-ory, are restated as issues about
the formation, storage, and retrieval of memory traces, and the major issue
is identified as the question whether short -term memory and lonm-term memory are
points on a continuum,ora dichotomy. Then this majror issue is examined in Ute
light of data from recent studies in which the recall of single to-be-remembered
alphanumeric items followed a single or very few repetitions. Finally. the issue is
examined in the light of new data that relate the slope of the short-term f,rgetting
curve to the number of elements oi recoded *'chunks" in the to-be-remembered unit,
and also new data that confirm and extend Hebb's finding that there is a specific
accumulative strengthening effect of repetitions in the "immediate" memory situation
involving to-be-remembered units beyond the span of immediate memory of human
subjects. The principal consequence of the conclusion that a continuum, rather than
a dichotomy, is involved in short-term and long-term memory is the irejection of the
postulate of autonomous decay of traces in the case of short-term memory and
acceptance of the postulate of permanence of traces, once formed, throughout all
varietiesof memory. Other implications of the data on short-term memory for a
general theory of htivnan nhenmory are. however, discussed.



I
INTP'!OI)rC(TrON

Psychological studies of human short -•1.rt- rz n.er•, and particularly tile further exploita-

tion of new techniques for investigating it, -Aill play an impo.rtant role in the formulation of a

general theory of memory. Even now, s,,me critical, issues are being sharpened by observation.

It seenis probable that the next ten years %ill sec major, perhaps even definitive, advances in

our understanding of the biochemistry, neurophysiolo¢gy. and psycholr.g. of memory, especially

if, through interdisciplinary communicati, m. a unified theory is sought.

The confluenceof forces responsible ior this sanguineprediction about future progress is re-

flected in the program on memory of the 1903 meetings of American Association for the Advance-

ment of Science. Advances in biochemistry and neurrophysiology are permitting the formulation and

testing of meaningful theories about the palpable stuff that is the correlate of the memory trace as a

hypothetical construct (Deutsch [11 , Gerard12 j, Thomas 131). In this work we find heavy emphasis

on the storage mechanism and its properties. especially the consolidation process, and it may

be expected that findings here will offer important guide lines for the refinement of the psychol-

ogist's construct once we are clear as to what our human performance data say it should be.

Within psychology, .. veral developments have focused attention on memory. In the first

place, among learning theorists there is a revival of interest in the appropriate assumptions to

be made about the characteristics of the mem ory t races (enwrams. associations, bonds, sHr's)

that are the products of experiences and repetitions of experiences. For instance, Estes [4] has

questioned the validity of the widespread assumption (e.g., Hull 151, Spence 161) that habit strength
grows incrementally over repetitions, and has pl)rposed an all-or-none conception as an alterna-

tive. More recently, he has examined 171 inl detail [ihe va:lretes of thie incr'i enta i and all-or-
none conceptions and the evidence related to them. Already, some defenders of the incremental

concept (,lones [81, Keppel and Underwood 1561, Postman 1191) have taken issues with Estes' con-

clusions, and it would appear that this fundamental question about nwmoti'y will loom larrge in

theory and experiments for some time to come. At a somewhat diffelrent level. the revival of

experimental and theoretical interest in the notion of l)erseveration orl consu-lidat ion of the

2
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meniory trace (Glickman [II 11), and att#t•npt.i t, ,rnhod;- it in a .;r. ra, l !. l Ht ,

112 1. Walker [1131) have a lso fctu ed ;,ttt.ti, ,r :a t -or ,; ¼! mi r, r." f- a .:ri.t :: ., • k 1-. ,-

nent of a theory of learning.

A second strong stinmulus to research r,"n m#-mrv frm "r)-i*. i , arc.,! s u vral fiod

ings of the last few years that have forced nij,)r revisions in tV:e irtl rk rn rce t!eorv (A ,.1f-.gct-

ting anti conisequelntly a renaissance of intsro n:t (, tin it fPl-,tmtri I I First, there was the dis-

covery by Underwood 1151 that proactivw inrhliti m had beon• 4r,¢ZSJ. u nf, - resti:ntc-d as a source

of interference in forgetting. Then, the unIatrnir, factor A, a con•.,rort ,f retroactive inhibi-

tion was given greater credibility by the findi'ers of Barnes and tUdr.rwc,' !IC1. And finally.

the joint consideration of the habit structure of the individial pr',r tf) a new Icarninm: experience.

the compatibility or incompatibility of the new learnina xith that structure. and the unlearning

factor (among others) led to the formUlation of the interference theory of forgzetting in terms

that made it applicable to all new learning (Melton 117j. Postman 114]. Underwood and Postman

[181). Thus, this development focuses ittenti-mn oi the interactions of memory traces during

learnir.' as we!. as their interactions at the time of attempted retrieval or utilization In recogni-

tion, recall, or transfer.

But perhaps the most vigorous force within psychology directing attention to the need for a

general theory of memory is the spate, durimn, the last five years, of theorizing and research

on immediate and short-term memory. In 1958, and increasingly thereafter, the principal

journals of human learning and performance have been flooded with reports of experimental

investigations of human short-term memory. This work has been characterized by strong

theoretical interests, and so'ietimes strong statements, about the nature of memory, the charac-

teristics of the memory trace, and the relations between short-term memory and the memory

that results from multiple repetitions. The contrast with the preceding thirty years is striking.

During those years most research on short-term memory was concerned with the memory span

as a capacity variable, and no more. It is always dangerous to be a historian about the last five

or ten years, but I venture to say that Broadbent's Perception and Communication 1191, with Its

emphasis on short-term memory as a major factor in human information-processing perform-

ance, played a key role in this development. Fortunately, many of the others who have made

Important methodological and substantive contributions to this analysis of short-term memory

have presented their most recent findings and thoughts In the Association's program on memory,

and they thus adequately document my assessment of the vigor and importance of this recent

development. Therefore I will refrain from further documentation and analysis at this point,

since the impact of some of these findings on our theory of memory is my main theme.

3
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THL DOMAIN OF A TfIF011hY(F .MFMORY

A theorY of nw1rijor'; must 11- cr,rnivrelh- its i*;, tl~at i- *i1.rtu

re as mi. . 'Th fi ;t ti I n ec 11111isflin is t hi. in I p c i t ou e r! r, 4 f m .:rr;~h is. I'~~

The nltorphologv of its storat.''e- %vhf-thor wiz .1 mýt i2!s'xcd trA1,41 ýsten A .i !,U( ' (,-

petition. or a single t race systemt 5'! jecvtcd tr) ine-reann.tA! !uirr -es in -trc.,z l- 1! r pt-tition

is becoming a principal conic-rn rif lea rnifit, the'r ists. Its -sucrp~ttil it v li inhilit ion. inte rfer -

ence, or confusionl both at the timle nt tiew trace forrnatin Uind at the tinie of attempted trace

retrieval or utilization is the concern 1)1 forgctting' and tranf-fer th,Žrirists. Also, thle perhaps

uniqlue properties of Wt, manifestation in imnimeriate and short-term retention is the principal

concern of psychologists interested in h'jnian infokrnm~tio-n-p~rncessingý performance. One knows

intuitively that all of these different app~roaches sl mpha.-07e valid questions or issues that must

be encompassed by a general theory of memory. Wut nowhere -with perhaps the exception of

Gomulicki's 1201 historical -theo retical monograph on memory-trace theory- will one find

explicit systematic consideration of these several different facets of the problem of memory.

Since my present intention is to marshal sonme data relevant to one of the main issues in a

general theory of memory -- namely, whether sin;.,le-repetition, short-term memory, and mul-

tIple-repetitIon long-term memo.ry -.re( a dichotomy or points on a continuum.- I feel compelled

to discuss briefly what I believe to be the proper domain of a theory of memory and to differ-

entiate it fromt a theory of learning.

After some exclusions that need not concerni us here, learning- may be defined as thie modi-

fication of behavior as a function of experience. Operationally, this translated into thle question

whether, and if so how aiuch, there has been a change in behavior from Trial n to Trial n + 1.

Any attribute of behavior that can be subjected to counting- or measuring operations can be an

index of change fromt Trial n to Trial n + 1, and therefore ain index of learning. Trials n and

n + 1 are, of course, the presentation and test trials of a so-called test of immediate mnemory

or they may be any trial in a repetitive learning situation and any immediately subsequent trial.

By convention among psychologists, the change fromt Trial it to Triall n + 1 is referred to as a

learning change when the variable of interest is the ordiinal nundw~r of, Trial nt and not thet temi-

poral interval between Trial nt and Trial it + 1; and the change from Trial in to Trial nt + 1 is

refcrred to as a retention change when the variable of interest is the interval, and the events

during the interval, betweven Trial nt and Trial in + 1. Learning and retention observations

generally imply that the characterisites of thle task, situation, or associations to be formed

remain the same from Trial it to Trial nt + 1. Whenl any of these task or situationl V'ariables are

delibe rately manipulated as independent, variables between Tr' ial i and Trial i # 1. thet ohjvct

4



cin fvesti jAtion iIs transfer oif learn ing. i.e., thol avia~lt and utilizatitjf )r.j ?42 tr

p roduicts of Trial n in a "diff:' rent*' situation.

Now these op ratt oinal defin itlions of lea ri-r.. ret.44ta n . X,,. trar .;fcr ar"c i; eI.*iw

with re.spect to theory. and I think it is itnlv!)rtant to kaeep teo . pait. V-_ rcas-.m: is that

it is useful to keep in miind the, fait that lrw is, tit.,r hc directi. -, it is 31iw--vs an infeýr-

ence from an observed ichaii.'e in lpert)r~niaincc fr-Pni Tridi n tj Trial n * . Furthermo~re-- and

this is the importaint polint for theory - the ,1i'-e: rved cluiiir titt pt-rff ýrnanre ic; :ilvavs a con-

founded reflection of three theoretica lly *umi rabte vt'VnTtSý: t~q evcntlt on Trial n1 that res'ult in

something being stored for use on Trial n - 1 the storace of th-is prodi-tct of Tý'ial r. durin- the

interval between Trials n and n +1. and ith events on Trial n - I that res;.lt in retrieval and 'or

utilization of the stored trace of the events oin Trial n. Fo~r convenience. these three theoreti-

cally separable events in an instance of leairnimiz will be ealled trace forimation. trace storage,

and trace utilization.

Obviously, a theory of learning must encomipat.ss thesu three processes. However, it must

also encompass other processes such as those unique to the several varieties of selective learn-

ing and problem solving. Some advantages %%ill accrue, therefore, if the domain of a general

theory of memory is considered to be only .1 prortion of the domain of a theory of learning,

specifically that portion concerned with the stora.-c and retrieval of the residues of demonstrable

instances of association formation. This seemis to me to fit the historical schism between

learning theories and research on memiory * and the formial recognition of this distinction mnay

wvell assist in avoiding. some misconceptions about the scope of a theory of memory. Historically,

in our major learning theories it has not seemied necessary to include consideration of the ques-

tion whether storage of the residue of a learnintg experience (Trial n) is subject to autonomous

decay, the question of autrinonmous consolidation through reverberation, or even to consider sys-

tematically the memiory-span phenomenion. On the other hand, miuch of the controversy between

learning theorists surrounds the question of the necessary and sufficient conditions for associa-

tion (or memory trace) formation. And even though mnost learning theories miust say something

about the conditions of transfer, or utilization o~f traces, they do not always include explicit con-

sideration of the interference theory of forgetting or alternative theories. As for those who have

been concerned with memory theory, they have, following Ebbinighaus 1211, emiployed the opera-

tions of rote learning, thus avoiding in so far as possible the problemis of selective learning and

Insuring the contiguous occurrence of Stinni1A 'us1and r'esponse undleri condlitions that demionstrably

result In the formation of an association. Their emphasis has been on the storage and retrieval

or other utilization of that association, i.e., of the residual trace of it in the central nervous sys -

tern (CNS), and on the ways in which frequency of repel it ion and other learn log afflvi such storage mind

retrieval.
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The implication of this restriction on the drproain of a thc,.rv Jf mt ,-', rn . V.( , ,

will I)e concerned with postperceptual traces, i.e., memory traces. and r- t -:, ,O'.r•r a

traces, i.e., stimulus traces. It seems tr, me necessary to acc, pt the n,? ti _ t .ti:r2l1,1v

affect the sensorium for a brief ti nv and -if;o Vpe directly mv,,d-:ed CNS s..2mt(r.t Id t•a1 thlvv

nmay not get "hookcd up." associated, or encoded ,;ith c*.ntral or periv!.eral res ,-ý.nse compfitneits,

and may not, because o! this failure of heinz respt1nded t,). fiecome a part of a memo, %,i ace

system. This view is supported by the recent -',ork of Av-rhach and Coriell 122]. Sperlin,.: i231,

and Mackworth 1241, which shows that thure is a v-ry-shurt-term visual preperceptual trace

which suffers rapid decay (complete in U.3 to 0.3 second). On:ly that xhich is reacted to during lthe

presentation of a stimulus or during this plstexposure short-term trace is potentially retriev-

able from memory. Although it is not necessary to my ar.gument to defend this boundary for

memory theory, because it I am wrong the slack will be taken up i-i a more inclusive theory of

learning, it is of some interest that it is accepted by Broadbent 1251 and that it is consistent with

a wealth of recent research on "incidental learning'" in human subjects (Postman [261).

What, then, are the principal issues in formulating a theory of memory? They concern

either the storage or the retrieval of traces. In the storage of traces we have had four issues.'

The first is whether memory traces should be riven the characteristic of autonomous decay over

time, which was dignified by Thorndike 1311 as the Law of Disuse and which recently has been

vigorously defended by Brown [321. The antithesis is, of course, the notion that associations,

once established, are permanent-a position initially formulated by McGeoch [33J and incorpo-

rated in a radical form in Guthrie's [341 theory of learning.

The second storage issue is again a hypothesis about an autonomous process, but one involv-

ing the autonomous enhancement (fixation, consolidation) of the memory trace, rather than decay.

The hypothesis was first formulated in the perseveration theory of M5ller and Pilzecker [35]

with emphasis on the autonomous enhancement, or strengthening, of a memory trace if it was

permitted to endure without interruption. As such, the emphasis was on a property of automatic

"inner repetition" if repetition and duration are given a trade-off function in determining the

strength of traces. More recently, the hypothesis has been that the memory trace established

by an experience requires consolidation through autonomous reverberation or perseveration if

it is to become a stable structural memory trace in the CNS (Deutsch Ij11, Gerard [21, Glickman

For the purposes of this discuss ion, I am igrnoring the hypothetical property of autonon1.)US,
dynamic changes within memory traces in the directions specified by Gestalt laws (Koffka 1271).
While the need for such a hypothetical property is not yet a dead issue (Duncan [281, Lovibond
[291), it has had very little support since the classical treatment of the matter by llvbh and
Foord [301.
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llI. th1Ab f301). P'resurma)ly, the alternative view is that ever-; experi ' nc&, es i.'s i str-:t--

tural memory trace without the necessity of consolidation throuL:h reverlwrati-m or rersev( ra-

tion, but also without denying that such reverbr-ration or perseverati,,n. it -prtrtttd. may

strentthen the trace,

The third issue about storage is the one pr.viislv refr-rr'd tf, a( at , ical tat 1he

molecular lUvel) in our brief reference to the current c,'ntr.,)crsv a!xi ot th( ali-or-ivne %'ersus

the incremental notions of association formation. The all-,r-none notion imp!ies that 1he incre-

ment in the probability of response on TrtLi n - 2 is a r"r •uente of establishmnt ot independ-

ent and different all-or-none trace systems on Trials n and n -I. the incremental notion implies

that the same trace system is activated in some de-g:ree on Trial n and then reactivated and

strengthened on Trial n + 1. It is, of course, possible that !xth notions could be true.

The fourth issue about trace storage is act,.ally one that overlaps the issues ;,bout retrieval

or utilization of traces, and currently is perhaps the most critical. This is the question whether

there are two kinds of memory storage or only one. A duplex mechanism has been postulated by

Hebb [30). Broadbent [19J and many others, and on a variety of grounds, but all imply that one

type of storage mechanism is involved in remembering or being otherwise affected by an event

just recently experienced, i.e.. "immediate" or short-term memory for events experienced

once, and that a different type is involved in the recall or other utilization of traces established

by repetitive learning experiences, i.e., long-term memory or habit. Since a clean distinction

between "immediate" memory and short-term memory is .aot possible (Melton [36]), we shall

henceforward refer to these two manifestations of memory as short-term memory (STM) and

long-term memory (LTM).

Some principal contentiuns regarding the differences between the two mechanisms are that

(a) STM involves "activity". traces, whereas LTM involves "structural" traces (Hebb [121, [37J);

(b) STM involves autonomous decay, whereas STM involves irreversible, nondecaying traces

(Hebb r12I); and (c) STM has a fixed capacity that is subject to overload and consequent loss of

elements stored in it, for nonassoclative reasons, whereas LTM is, in effect, infinitely expan-

sible, with failure of retrieval attributable nainly to incompleteness of the cue to retrieval or

to interference from previously or subsequently learned associations (Broadbent 119], [251). On

the other hand, the monistic view with respect to trace storage in general, accepts the character-

istics of LTM storage as the characteristics of STM storage as well, and thus ascribes to the

traces of events that occur only once the same "structural" properties, the same irreversibility,

the same susceptibility to associational factors in retrieval, as are iscribv(d to LTM.

7
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"I 1w ride t') the theorft-ical p)roh)l* mrs of trac-, r, t, z i :i;d ',A!i ,t - .7 -

nts of ai th,,ory- of memory is (d-i.ously urou!-ht hv th4 isio.•i of -!o !n,,wrv a-- i *

ý-ontinunni. Those who favor a dichotomy; do so on the as its of dcta on rct•ntv *~,,!-i. 1,, ..I"

transter that sti r'est two distinct sets (f conditions for retric-va! ard ,tiiiati. •, i (, tb,•.

who fax or a continuum do so onl the ba.sis (of data that su 't;tst a sil, s"Ct ',> codi,qs lit' pri; -

ciplfh..

The history of our thought about the p)roblem.s of rctric.m'al and utiliratijn ,f trace-s reveals

three main issues. The first is the (lu,-tion ')f the dprnd,-ncre of the retrieval on the complete-

ness of the reinstatement on Trial n - 1 of tle stimulatinm situation present on Trial n. Psv-

chologists have formulated several principles in an attempt to descri'be the relevant observations,

but all of them may be subsumed under a principle 1.hir!1 asscrt:z that the probability of retrieval

will be a decreasing function of the amount of stimuvlus chav:ue from Trial n to Trial n * 1.

Changes in directly measured and manipulated cue stimuli, like the CS in a classical condition-

ing experiment, that result in decrement in response probability are generally referred to a sub-

principle of stimulus generalization (MedIhick and Freedman 1381): changes in contextual stimuli

that result in forgetting are usually referred to a subprinciple of altered stimulating conditions

or altered set (McGeoch & Irlon [391); and stimulus changes that occur `.,,)ite of all attempts

to hold the stimulating% situation constant are referred to a subprinciple of stimulus fluctuation

(Estes [40]). Since these are all principles of transfer, when they are emi-loyed to interpret

failure of retrieval on"Trial n + 1, it is clear' that all principles of transfer of learning, whether

they emphasize the occurrence of retrieval in spite of change or the failure of retrieval in spite

of some similarity, are fundamental principles of trace retrieval and utilination. At this moment

I see no need to different,:ite between the dual- and single-mechanism theories of memory with

respect to this factor of stimulus change in retrieval, but an implicit and undetected one may

exist.

The second issue relates to the interactions of traces. Here, of course, is the focus of the

Interference theory of forgetting which has, in recent years, led us to accept the notion that

retrieval is a function of interactions between prior traces and new traces at the time of the

formation of the new traces, as well as interactions resulting in active interference and blocking

of retrieval. This theory was given its most explicit early expression In the attack by McGeoch

[33] on the principle of autonomous decay of traces, and has been refined and corrected in a

Rumber of ways since then (Postman [14]). In Its present form It includes the hypothesis of

irreversibility of traces and all failures of retrieval or utilizaItion atre interpreted as in;stanc5es

of stimulus change or interference. Therefore, a one-nmechanism theory of mem)ory is implicit.

• • - • • • m• ( • • ~ ll~i • il m ~ im ll •-W • ,,,• = •-• '' ... . .• : • .. .. .. ... ) )v -'
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1!,)wxfver., it has b1een r-cogniztfd (%If [t• n 17 6 ;Wh:ft th, •>ri,.it * ,-z' :, ,

come from the study of retrifval following mu!ta-!'-re!.'tirV.: le;,r:.:. a:, : *

of tihe t heory to STN1 is not necessa nr it vat Iid. Si nc'e t•I - ms. h.1 r Li: n m t r ;,t s :-S, rl lhOý I

retrieval in STM is subject to disruption through o,vv.rl,,d iv2. .o:, rI ,t t hr , , t. '- , .'it i. * r -

ference, a prime focus of memory the,)ry hecomos th,. r1:' st i., n 4 ,, if 04 rý, Ilc,(

effects in STM.

A third imlport ant issue relatud to retril-val is Ow., r6 Li1 1d:w it h, . .c• ru', ¶ ii i*n nd

retrieval probability. Although the fact of a st rot: c-,)rrotatiin 1-trun :E r•Et lt ':• and proh-

ability of retrieval seems to be not questi mable, ith. th(,ory of m4rm )r;," iumt .- c,,'nipass two

important questions about repetition. The f;rst is whethe r roin t v!i'n mult ipli( s the number of

all-or-none traces or whether it produces ineremeztAal changes ill the str-nnllh of a trace. This

has already been listed as a problem in storage, but it is obvious that th. alternative notions

about storage have important implications for the ways in which repetitions may be manipulated

to increase or decrease the probability of retrieval. The second is whether there is a funda-

mental discontinuity between the characteristics of traces established by a single repetition

and those established by multiple repetitions (or single repetitions with op)!Y.)rtunity for con-

solidation). This appears to be the contention of the dual-mechanism theorists, whereas a

continuum of the effects of repetition in the estahlishment of "structural" permanent traces

seems to be the accepted position of the single-mechanism theorists.

In summary so far: when the domain of a theory of memory is explicitly confined to the

problems of the storage and retrieval of memory traces, it becomes possible to formulate

and examine some of the major theort-tic(al issues undfer the simplifying assumption that the

formation of the associatie s or memory traces has dlread(y occurred. Then it becomes clear

that the conflicting notions with respect to the prop)erti(es of trace stoi'age and the conflicting

notions with respect to the principa:l determinants of trace retrieval, or failure thereof, converge

on the more fundamental issue of the unit:ory or dual nat ure of the storage mecha nism. My

plan is to examine these alleged differences between STM and LTM in the light of some recent

studies of human short-term memory, and then return to a sunlniry of the impnlications these

studies seem to have for the major issues in formulating a general theory of memory.

9
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The cofTXo5ing ha tract(eristics rof ,,r(fan LTM dt l;a! los! t i) th lli-A 1hr(,

ar(- t.Kinds; of memnory Lave- nut. to) myVn, 1w, r ~l r.,f 'S';-rmt ~-I) :i~ n.

ineniorvý thcorists, althou, h liebI, 1121(. Iroadbent!19. 25. 41 .adl Br, wn fS h:,ve. d( -iid

the djehotf'my.

Tlhe dlecay of t raics il n amriadiato imfnPory. in cont rzst to th~e (urml.nince, even i rreversi-

bil ity. of tile menloryr t races establish' ri throtn-:!i ri.-O t ive Irnn..is the nv)st universally

acclaimed dlifferentiation. For Hiebb [ 12 1 this rat-id dcx; is a correlate rf the nonstruetural,

i.e., ''act ivity,' nature of the single p~ercept ion tilat it, 0%-v'neiithcr the "fix-ition- effect of

rep~etition nor the opportunity for "fixat ion" throut-h rvverherattion. For Broadbent (19, 41

and Brown [32 1, this autonomous dlecay in t ime is a pr i)perty of the postulated STM mechanism,

and attempts have been m~ade (e.g., Conarad and llItle [42 ') to supp~ort the notion that time per

se is the critical factor in decay. Obviously, this autonomous decay canl be postponed by re-

hearsal- recirculation through the short-term store (Blroadbent [19 J)-and Brown [32J has

maintained that such rehearsal has no streng-thening' effect on the structural trace. However,

the decay of a specific trace begins whenever rehearsal is prevented by distraction or over-

loading, of the short-term store (Broadixent [19, 41 )). A corollary of this last proposition is

that the initiation of the decay process, by dislodging the trace from the short-term store, is

not dependent onl new learning and( therefore not onl the associative initerference pri nciples

which account for most if not all of the forgetting of events that reac h the long-term store

through repetition, reverberation,, or both (Broadbent 125 1).

These ch~aracterisi ~s vontrcast sharply with those aett ributed to LTM by the Interference

theory of fo rgettilng which has dominated our thinking since McGeoch 's [031 classical attack oil

the Law of Disuse and which has gained new stature, as 1 Conasequen~ce of recent refinements

(Melton [17 [, Postman [14 1). This theory implies (a) that triaces, even those that result fromn

single repetitions, are "st ructuralF' inll ebb's senlse, azlat are p~ernmanent except as overlaid

by Oither thle recovery of temporarily extinguished stronger competing traces or by new traces:

(b) that all j1 wrsistent and p~rogressive losses inl thle retrievability of traces are to be attributed

to such associative interference factors anid not to (lecay or to a combination of nlona:ssoc~lativ

disrupt ion plus decay. As a consequence of the(se, two impjlications, it is assumied that the

effect of repetition onl thle strenigth of the single type of trace is a1 colt inuous monotonic priocess5.

Onl this basis a continuum is assumed to encomplasri single ('vents or sequential dL'peldtn('ivis

betweenl them wheni these events are well within the span of immnediate, memory, and .il 'o
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c .n .S. ( •TIV.'ý Of u'unts suchp i t .

tta simn of in iflff(idite memoifry and t hus; ri;quirq- multip!. re o!iti f )r r yi~.r - t~

set of events or rplations between thenm.

In my discussi io of the question: "'STM or LTM.l: co•rtinur:u 'r dih , Iv" I , i. r(.-

fore cxa n n te Somns! experi mental data on STrM t,) s, (a) ,whstlh•r thoh :tr,, r- t, rprkj. a i,,j

terms of the interference factors known to ,)p•rzit,, i LI M, and 00) •,.th,:r A dra•rolityv ,.f

memory for tubspan and suprasj)an to- Pe -r- nt~mt.-,r(4 or{ i's i. a c :in',;s fui:rli fn 4f rrpe-

t it ions.

The reference experiments that provide thse data of urttr, , are th,ýsr recently devised

by Peterson and Peterson 143 1 and flehb [37 !, A ith ma•,)r rnipnawis -n the fUrmer. Althougzh

a number of ingenious techniques for invest igat im: STM have Ix #,n ixnivnted duriniz the last few

years, I believe that the Petersons' method is the k,.v t., h nte-rati,• (if retetirm data on

immediate memory, STM, and LTM. The reaskn is that. as you will see, it can te applied to

to-be-remembered units in the entire range from thse well l•lnw the memory span to those

well above it, and the control and manipulation of duration and frequency of presentation are

essentially continuous with those traditionally emiplovel in list memorization.

In what must have been a moment of supreme skupticism of lal%,ratory dogma, not unlike

that which recently confounded the chemist's dogma that the noble gases art nonreactive

(Abelson [44 J), Peterson and Peterson 1431 determined the recallability of single trigrams,

such as X.1II, after intervals of 3, 6, 9, 12, 15, and 18 sec'nds. The trigrams were presented

auditorily in 1 second, a 3-digit number occurred Owring the next second, and S (subject)

counted backward by 3's or 4's from that number until, after the appropriate interval, he re-

ceived a cue to recall the trit am. S was given up to 14 seconds for the recall of the trigram,

thus avoiding any time pressure in the retrieval process. The principal measure of retention

was the frequency of completely correct trigranis in recall.

The results of this experiment are shown in Figure 1. It is noteworthy that the curve has

the Ebbinghausian form, even though the maximium interval is only 18 seco.nds, and that there

Is an al)l)reciable amount of forgetting after only 3 and 61 second(ls. Other oi)servations reported

by the Petersons permit us to estimate that the recall after zero time interval, which is the

usual definition of Immediate memory, would have been 90"", which is to say that In 10"(, of tlh

cases the trigram was misperceived, so that the forgetting is actually not as great as it might

appear to be. Even with this correction for misperception, however, the retention after 18

seconds would be only about 2, which is rather startling when one remembers that these tri-

grams were well below the memory span of the college students who served as Ss.
S,1

i.r
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U 3 Consonants 3 Words
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20 Peterson and Peterson

10 f43] 3 Consonarts
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FIGURE 1. PERCENTAGE FREQUENCY OF COMPLETELY CORRECT RECALL OF
3-CONSONANT TRIGRAMS (Peterson & Peterson [43J, Murdock [45], AND 1-WORD

AND 3-WORD UNITS (Murdock [45]).

The rapid deterior-1' ion of performance over time is not inconsistent with the decay theory,

nor is it necessarily inconsistent with the notion that traces from single occurrences of single

items are in a continuum with traces from multiple items learned through repetition. However,

additional data obtained by the same method were soon f,)rthcomiing. Murdock r451 first rep-

licated the Peterson and Peterson exp~eriment with 3-consonant trigranis, and then repeated all

details of the experiment except that in one study he used single commnon words drawn from

the more frequent ones in the l'horndikv- Lorge word lists, anid ini anot her study he used word

triads, iLe., three unrelated common words, as the to-he-remiembered unit. In Figure 1, Mur-

dock's results from these three experiments are shown alongside the Potersons' results. His

replication of the Petersons' study with trigrams grave remarkably similar results. Of con-

siderable significance, as we will see later., is his fli''llngý t hat single words a rv forg',ottenl less

12
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than trigr:inis, but that s.ome forgetting occurs Aith e.ýri •j('ch .nxip!e Ur~its. F'va"!V. t.. Ox- ,t

seminal fact for theory in these expfrimunts is his disco,-r-r that w,,rd triaý 1(.-! '1%4 3-t:i-

sonant trigr-nms in short-term retention.

Murclock's data strongly suggestved that the crilical (. 'torrninart ,f tOe sl-'• f ,lithe sh- rt-

term reaention function was the number of Millhriai [41; 1 "'(hmks" i:n t0:, t s-he-remembered

unit. Of even greater imly)rtance from my p)oint of viuw, wkas th4e implat,':mi that, other ihin.ds

being equal, the rate of forgetting of a unit presented once is a function of the amnount of intra-

unit interference, and that this intraunit in:A.rfervnce is a function of the number of encodd

chunks within the item rather than the number of physical elements, such as letters or infor-

mation units.

The first of several projected experimental tests of this hypothesis has been completed.2

The to-be-remembered units were 1, 2, 3, 4, or 5 consonants. The unit, whatever its size,

was presented visually for 1 second, and read off aloud by S. Then 0.7 second later a 3-digit

number was shown for 1 second and removed. The S read off the number and then counted

backward aloud by 3's or 4's until a visual cue for recall, a set of 4 asterisks, was shown.

The delayed retention intervals were 4, 12, and 32 seconds, and a fourth condition involved

recall after only 0.7 second, hereafter referred to as the zero interval. The Ss were given

8 seconds for the recall of each item. In the course of the experiment each S was tested four

times at each combination of unit size and interval, for a totalof 80 observations. Every condi-

tion was represented in each of four successive blocks of 20 observations, and there was

partial counterbalancing of conditions within the blocks and of to-be-remembered units be-

tween the blocks. Through my error, the to-be-remembered units of each specific size were

not counterbalanced across ae four retention intervals. Thanks only to the power of the vari-

able we were investigating, this did not, as you will see, materially affect the orderliness of

the data.

The results for the last two blocks of trials are shown in Figure 2. Again. the measure of

recall performance is the percentage of completely correct recalls of the to-be-remembered

unit; i.e., the single consonant had to be correct when only one was presented, and all five

consonants had to be correct and in the proper order when the 5-consonant unit was presented.

The same relationships hold when Ss are notaswell practiced in the task, i.e., in Blocks 1 and

2, although the absolute amounts of forgetting are greater. The data in Figure 2 are to be

2 This study and a subsequent one are graduate research projects to be reported under the
title, "Short-Term Memory for Individual Items with Varying Numbers of Elements," under
the authorship of A. W. Melton, R. G. Crowder, and D. Wulff.

13
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pr,.frred to those for the e;arl .fr stxz,,s of pr;irtick. b, 1 -,usc .0 fi n ... s.. ! S f, .

have their origin vryv nea r to 100I , recaull. r.It is. 1r; al, cas,,s it i; ) rsil,! , .!t•- , h1;,t

ha.d,. in fact, learned the to -e- re .rnety ,ru• u it d(!urini tho, I -•r.k.sc I - r"lta l i :-,(-rvA.
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N=40 x2

10 - 5

10
0 I I I I I I I

0 4 8 12 16 20 24 28 32

RETENTION INTERVAL (seconds)

FIGURE 2. PERCENTAGE FREQUENCY OF COMPLETELY CORRECT RECALL OF UNITS

OF I TO 5 CONSONANTS WITH WELL-PIRACTICED Ss (BLOCKS 3 AND 4).

C = consonant; N = number of observations.

Aside from the self-evident generalization that the slope of the short-term forgetting

curve increases as a direct function of the number of elements in the to-be-remembered unit,

two features of these data are worthy of special attention. First, it should be noted that the

14
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Y]*t~ [p the curvrz f,)r the 3-con:,nant unit,.s is rot 'Is st•e ) as that rcrrsc1 I,. f 4 '- ,,. .

and l'et4rson [43 1 and by Murdck [45 i. Wt, d6) rwit know why there' ij thi•; ds7rri;-. -

though it occurs consistently in our work with the Pett rsons" rneth,,,l.

The other pioinjt of int,,rest is the obvious f r-ettir.,: of the I -rons, ?ant tnjit. T!his curvu

parallels almost exactly the one obtained by Murdock for sint4le -A'wrds. Ilth ftdins hav(

significance for theory because they represvirt inst;tnc#s (if fort,'ttit•i ,when the intraunit int(er-

ference is at a minimum for verbal units. Bkut before givirn additional considrration to this

point, a further set of data from this expf timient n.eds t, 1,, prlsvi-:ctd and a mewre general

statement of the observed relationships deserves formulation.

If the increased slopes of the forgetting curves sh,)'n in Fig:urc 2 are attributed to an

increase in intraunit interference, it is of sonic importance to show that the more frequent

breakdown of complete recall as one increases the number of letters in the to-be-remembered

unit is not merely a breakdown in the sequential dependencies between the letters, but is also

reflected in the frequency of correct recall of the first letter of the unit. In Figure 3 are shown

the percentages of first-letter recalls in the last two blocks of our experiment. Although this

graph lacks the monotonic beauty of the curves for whole units correct, I am willing to accept

the generalization that first-letter recall suffers interference as a function of the number of

other letters in the to-be-remembered unit. Thus, what Peterson [47 1 has called "background

conditioning," which is measured by the recall of first letters, and what he has called "cue

learning," which is represented by sequential dependencies in recall, are affected alike by the

number of elements in the to-be-remembered unit. This is expected in so far as there Is

functional parallelism between "free" recall and serial or paired-associate recall with respect

to the effect of learning ano interference variables (Melton [36 1).

In Figure 4 the results obtained so far have been generalized and extrapolated. This set

of hypothetical curves will be used as the conceptual anchor for three points that are related

to the question whether short-term and long-term memory are a dichotomy or points on a

continuum. The first, and most obvious, point alx)ut the figure is that it reaffirms the notion

that intraunit interference is a major factor in the short -term forgetting of suhspan units, but

now the parameter is the number of encoded chunks. insteead of the nundn'r of physical elenients

or information units. This Is consistent with Miller's 146] cogent arguments for the concept

of chunk as the unit of measurement of hum'a itnformation-proc'ssiiig capacities. It is also the

unit most likely tohavea 1:1 relationship to the memory trace. Obviously, it is also the con-

cept demanded by the parallelism of the findings of Murdock with I and 3 words and our find-

ings with 1 to 5 consonants, even though it cannot, of course, be asserted that the number of

15
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,'tilents 61V"olldf fjJ ill these- ex{perJr •nrts, hi t t -. Arr!s Or r. 4 1i.

tionslhip to thei numrb-r of chunks. Even thouh the strirýs of c:,r..•,r•i.r-,s r ti:± r

werv' constructed by subtractiwq from or -ombinir:•z thC C ,:-,.nart trf Wr." , " 2

aSsocnilt ion values less t han 60';, there. w.re . urel: Srne ' -t ,- lencc; , I nd

S011nc hard-to-learn letter scquences. ThAt such differences in au," ir:;',a xss are eirrvla(ed

with chunkabilitv is well known (Unhderwood virtd Si:hulz W4). Als,•, P tersýa. Pi terso•, and

Miller [501 have shown, although on a 1imito-d seal,., that th, nvinii-fulness of CVC trizrarns

is positively correlated with recall aft-r *; .•c.COnl, i tth v fhrs,-ws' mth,)d. But perhaips the

greatest gain from the use of the chunk as the unit of measurrnmert. in formulating the otherwise

100
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2C
S 80

U

S70 - 4C
S3c

z 60
0

0 50 5C

S 40

S 30

N =40x2
0

U 20

10

0 1-

0 4 8 12 16 20 24 28 32

RETENTION INTERVAU (seconds)

FIGURE 3. PERCENTAGE FREQUENCY OF CORRECT RECALL OF THE, FIRST LETTER
IN 1- TO 5-CONSONANT UNITS WITH WELL-PRACTICETD Ss (BIOCKS 3 AND 4).

C - consonant; N niumlbr of observat ions..
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these slopes to calibrate our verbal lea rniwi, rna~tf-rialI inu te~ris 'f a u:k '
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I li v%~ iris-no 11: h t Ihef , e s op (f thls sh',)rt -te-rm fr*ti~gCurt :rzu. .'r ~vtw

a In. ,ti on oif t he rjnuber of e(-fl(I(,(ff r'hurlKs i ~i theu unit is *v id*,rc" aLýýiir 111, *:! flyj'j 'bc '

Ibeirlf- a miajo r factor, but it ofoes nbt (IsiO' that such n'' av;m' occur. It is i q

(Ifcay as a major factor bec~ause (;I) a sir:_,tls croosortuint was keim.~~1~ith %er%. -~hr

(juency over a 32-secondc interval fillud with numerical ojwratim')S tha~t su.r h- q'_,A~ifv asoer

load ing. and1( disrupting activities (if )onerat that the. Ili c soisrnthrid- xkvxatel* coot rol 5

surreptitious rehevarsal), arnd (b) the niapr iyert ion of tfte variance- in recall is arcountoed for

by intraunit interference (11), rather thrin time. It c'~~ %,)t dcriv that decav may occur, since

there was some forgetting of even theý siottloe consonant $.,nd of the single word in Murdock's

experiment) even though only one, chunk was involved, and intraunil interfercrce was at a mini-

mlum.

The reason for the forgetting of thte sin,-le chunk is, I believe. to be found in the other

sources of interference in recall in this type of experiment. In the first place, I presume that

no one will argue that counting backw-ird aloud is the mental vacuum that interference theory

needs to insure the absence of retroactive inhibition (RI1) in the recall of the to-he- remembered

unit, nor is it necessarily the~least interferin-g. and at the same time rehea rsal -prevent ing,

activity that can be found for such expe(riments. However, we must leave this point for future

research, because we have none of the systematic studies that must be made on the effects of

different methods of filling these short retention intervals, and we also have no evidence, there-

fore, on the extent to which retroactive interference and intraunit Interference interact.

On the other source of Interference which may explain the forgetting of the single chunk-

namely, p~roactive lnterf rence (PI)-we do have some evidence. Peterson [47] has maintained,

on the basis of analysis of blocks of trials in the original Peterson and Peterson [43] study,

that there is no evidence for the build-up of proactive inhibition in that ex~periment, only prac-

tice effects. However, this evidence is unconvincing (IMelton [36)) when practice effects are

strong, and if it is assumed that proactive inhibition from previous items in the series of

tests may build up rapidly but become asymptotic after only a few such previous Items. Such

an assumption abo~ut a rapidly achieved high steady-state of III is given some credence by the

rapid development of a steady state in frequency of fals;e posit ives in studies of short -ternm

recognition memory (Shepard and Teghtsoonian 1511).

A second, and powerful,ýargument for largve amiounts of In thiroughout the Peterson type of

experiment is the frequency .of overt intrusions from previous units, iii thle series during the

attempt to recall an individual unit. Murdock [45)1 found such intrusions in his studies of short-

term retention of words, and there was the strong recency effect amiong these intrusions that is

18
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to be exp4ect ed if thv steady -statte not ion js';a lid. The ana!% ,i,; -f snf-h irt ru- ;l

involvinig letters rat her than words is 1 irniffd by O. oh d~tiit~ ' f !T'~U<~ v!r

sions, but all who run experiments with lo-tt'vr. 6j-cojrns r ,yim%-ic-I 0-1 s'ch inrasr-7ýs atr# xv. r'

common and usually come from tile units jast prr~cdim:."

More systematic evidence for strong~ I'l fffrts(t, in STM in the P#Atlrs-ý,flS type of (M)Vt-i-

ment, is given by Underwood and 1Kvppel [91. A rf orescnitative- findin-z is slm-Am in Fig-ure 5.

A 3-consonant Item which is the first Item in the serivs Is, rec~clled almost 1erfic-(tly after as

1.0

oZ . 18 Seconds
04 0.

M4 0.

0-

0.2

1 2 3 4 5 6

TESTS

FIGURE 5. RESPONSES VS. TESTS. Percentage frequency of completely correct recall of
3-consonant trigrarns after 3 and 18 seconds, as a function of thle Ordinal position of thle test

in a series of tests. The decline In recall r~iflects thle build-up of proactive inhibition
(U~nderwood and Keppel 191).

3Apparent, Intrusions from preceding to- be- roenlbeinredl units were very (oninon inl thle
1 -5 -L'nsonant exp~eriment reported hevre, but thle expertiliontal design did( niot counlte'ha lance
first-order tiequeneeo effects oveor conditions and not lung, me14alliugfuil call he said about such ill.
trusions except that they becur with substantial frequency.
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an as 18 s(co rids, ,i;I l"'lP hule 1(1; u r,~i; c o.- r ies.'vc:;f . rt If~. I-(il

ji t 4 al r% I'lfsv data support the rO9 i ... ' # he lis! ht-t: ra! iT M t hýt l tr' ;4:nd Pi~l,r-

so~n exlperinifilt on sho rt -terni rif~til~tl r. !,or si-.!,, -.ftrtXl JLt A,; Such. 11ý0v, a" ~! as thoý

01 liar evidence rit ed, ind1icate U1.0t t he stiýa fII orio .,~#. ~. xxhi.oi nx sillgle

words o%-#r short interval s of time niay 1w pa IIIv, if r:' crft 1il-l v att rib-Mal'e 11, the PI resultijug

from sequent ial test intn of recall (if Skih n .KC-ppO anA I fl(l*rvj r(su!ts dnot h,)t,

ever, support the view that th, Ill reache-s a st#uad,. stattC i~i ;is fwas five itenis, but this does

not necessa rily de~ny the stead - state -i' ,, i--..AXs a ex creful -Sturiv of *t hSe d.a1a and tOw data

o jInt rauniit jute rferenre sug,_e-A t s' on' strong intrraotiP ts Iw~t %i en PIJ, intraunit interference

(11), and the retention intcrval, all of w..hich would support the interference interpretation: but

disc ussion ý)f these intera-t ions would he tedious nduromirdin- until properly designed

experimient s have been performed.

My conclusion from all this is that thore is sufficient direct 6ir inferential evidence for

PI, RI, and 11 in thle short-term retent ion of sinnie subspan verbal units, and that the PI and

potent ial RI may account for the observed f~rget t ing of one-chunk units, that is, when 11 is

minimal. So) much for interference.

The other line of investigation th.at needs to be cons idered before thle question of continuum

vs. dichotomy ca.n be prop~erly assessed has to do4 with the effect of repetition oil thle short-

term memory for subspan and just -supraispan strin-s of elements or chunks.

Thle conct-pt of the memory span is rather important in this discussion because it is the

boundary between thle number of clem nts, or chunks, that canl be correctly reproduced im-

mediately after a sirepetition anid tli#. number of elements, or chunks, that require two or

inore repetitions for immnediate corrcct reproductinn. InterestinglyN enough, the short -term

forgetting curve for a unit of memnory-s in) a engthi turns ouit to be time limiting member of the

hypothetical family of curves that has been used to generalize the relationship between thle

slope of the forgetting curve and the number of chunks iii time to-be-rememnbered unit. Thle

extrapoated forgetting curve for a unlit Of mienory-span lengthl is showvn as the dlotted-lineo

curve of Figure 4.

Trie origin of this limitingr curve onl the ord inat e will, of couirse, depend Ol onthle s~tatistical

definition of the span of immediate mlemlory, but in order to be consistent. I have placed it in

Figgure 4 at or near 100" recall after zero interval. It is also assumed that the prVCe. etation

time for this and all other smaller numbers o.f chunks is just sufficient for otie perceptual enl-

coding of each elemenvit, I.e., for one repetition. For a unit of span lenigt h it is not suirp js ing
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th1t a 1)1* c i it )uS dS1,c1 iII of co l)1 c, t c- , j',, r rvt r• ,-l! to z"r, is .x;.* .t .-il . , :vr k:.%v v(,r-v

short, but filled, delays are introduced ibf,)re rerall be-gins. Nf uxpf rimn:-. i:, !h, Lt( ratur,

fits these operational requirements exactl,. but th,6 predictiorm is a ri.etr of (>):i ,xieXr-

ence in looking up telephone numbers: and we also have Con•rad's f52 1 evidence that Ss show a

radical reduction in correct dialing of 8-digit numbe rs whsn refluircd merely to dial "zero"

before dialing the number.

At this point we are brought face to face wtith the qvestinf rof the effects of reletition of

subspan anKd supraspan units on their recall. Such data are impo)rtant for at least two reasons.

In the first place, the argument for a contirnuum of STM and LTM requires that there be only

orderly quantitative differences in the effect s of repet ition on subspan and supraspan units. In

the second place, if repetition has an effect on the frequency of correct recall of subspan units,

such as consonant trigrams, this must certainly have some significance for the conceptualiza-

lion of the strength of a memory trace whether it is all-or-none or cumulative.

The effect of time for rehearsal of a set of items before a filled retention interval was

first studied by Brown [32J. His negative results led him to the conclusion that recirculation

of information through the temporary memory store merely delays the onset of decay, but does

not strengthen the trace. However, the original Peterson and Peterson [431 report on the

retention of consonant trigrams included an experiment which showed a significant effect of

instructed rehearsal on short-term retention.

Fortunately, we now have available a report by Hellyer [531 in which consonant trigrams

were given 1, 2, 4, or 8 visual presentations of 1 second before retention intervals of 3, 9, 18,

and 27 seconds. His dat.i ire shown in Figure 6 and require little comment. Obviously, a

consonant trigram is remembered better with repetition even though it is completely and cor-

rectly perceived and encoded after only one repetition, as judged by the Immediate recall of it,

The slopes of the retention curves in our hypothetical family of curves based on the number

of chunks in the to-be-remembered unit are, therefore, a joint function of chunks and repeti-

tions. Perhaps a better theoretical statement of this concept would be to say that repetition

reduces the number of chunks in the to-be-remembered unit. This is the reason that one word

and one consonant have the same rate of forgetting.

As for the effect of repetition on just-supraspan units, we have no data directly comparable

with those of Hellyer for subspan units, but we do have data from a much more severe test of

the repetition effect.:7,.I refer to the method and data of Hebb's [37 1 study in which he disproved

to his own satisfaction his own assumption about "activity" traces. In this experiment he
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prv-(,tmnted a fixed set of 24 siris of 9-digit nuimbers. FI-. of di•i,• s " r-" us, d

on! v (Ilcc- wit hi each tor-le -rem,'rm' r,.a ur.it. The sf'ri•.- •as ri-dc #.L,,<d ., oS at the r:i, a .f

AIxm t I diit 'second, and S was inst rmctd tu) rrepat thec dijlitc ml c-tMd1v i'" cxati ; .', m.

order. The tunusual featurc of the exp'urimeri t ,s thatt 'x•A-tI(l tVI same, Sri(Is of •fits

occurred on every third trial, i.e., the, 3rr!, rth. .. N4th. the othrrr varyin-! in randm')

fashion.

100

90

80

70 8 Repetitions

.j 60
S 50 . .lee ton

Sion

4 Repetitions

U
40 40

o 30I

39 18 27

INTERVAL B3EFO!PE RECALL (second-s)

FIGURE 6. RE•CALL VS. INTERVAL B3EFORE flECAh~L, Percentage frequency of completely

correct recall of 3-consonant trigrams as a function of the frequcncy of 1-second presentations
of the trngram before the beginning of thc retention interval (Hellyer [53 1).

HiUs results are shown in Figure 7, Hebb considered the rising cutrve for the repeated

9-dligit numbers, when contrasted with the flat curve for the Ilonreleated ri, tuber's, to be suf-
ficient basis for concluding that sone form of structural trac~e results front a| single repetition
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I f;n af;i5r;cz:t i e svrquence of 'vevf-ts. Furthvr. hs' pr' ,p'rl ier 1r~

tion of the ('Umulati ye structural effects 'f rs-pstiti,'jn. ,'i'r 4xt.rmiri ilvfav rs- :~~ jT)-.

voivin og large amounts of III.

100

80

N =40

S 60

S 40
0

20

0 3 6 9 12 15 18 21 24

ORDINAL NUMBER OF 9-DIGIT SERIES'

FIGURE 7. PERCENTAGE FREQUENCY OF COMPLETELY CORRECT RECALL OF 9-DIGIT
NUMBERS WHEN TESTED IMMEDIATELY. The "repeated series" was a specific 9-digit w.-
quence that occurred in the 3rd, 6th; 9th . .. 24th position in thle series~of.tests, Other points

represent nonrepeated 9-digit numbers (Hebb [37]). N = number of observations.

Hebb's method in this experiment may well be another inmporI tant Invention in the analysis

of human memory. But I was not ý:ompietvly satisfied with his experimlent and] the reliability

of his findings, for reasons that need not be detailed here. As a consequence of these uncer-

tainties, I have repeated and extended Hebb's experiment by giving each of 32 women Ss two

practice numbers and then 80 tests for immediate recall of 9-digit numbers. Within these 80
tests there were 4 instances in which a specific 9-digit number oc-curred 4 times with 2 other
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n iu !r'is i 11ter vvrliml[, letw in StlI('( S,, i'v,- trL:i!s. 4 inr Wh ivi a s ff , * " t -.,

with 3 int(rvenin rg numbers. 4 for 4 trials with 5 irvt-rv'id: 4 f F; 4 ,r 4 :K.,•- ,ith

8 intervening numbers. In addition. thr., w .r1r, IC, f i~zt r.:n: irs tI:ha ,c .r:.-' -

I will not try tb describe the int-erl,,cki,,n: patti.rn of ,v, ?its 'h:t -,S , t .w11 , '.'i "his ,*si,.

but the desihrn chosen was used in lg)th a !- ,rwar :wn'! I ':stk.'ard , :',c fr di!,:!r, •t r s. and Ote

specific repeated numbers wer, .s.'d eqTi!!; .tn u:'qlar thv i!iffr* :t saircs if repetitions.

Furthermore. within the entire set of 32 diffvr,'nt 9-di:-it numrn! rs usefd in this experiment,

interseries similarities were minimi7ed by insurin.4, that no more thanl two) digits ever occurred

t~vice in the same order. The numbers we>re pr,'sunted visua!lv f,,r 3.7 sec ýji,.- and S recorded

her resnxnse Iby writing on a 3 X, 5-in card whivh c,,ntained 9 Wlocks. Wrca!! be,-an 0.7 second

after the stimulus slide disappeared, and 8.8 seconds were allow'd for recall.

Unfortunately. my Ss behaved in a s,,mewhat more typical fashion than Hebb's did, in that

they showed substantial nonspecific practice effscts. This complicates the determination of

the effects of specific repetition, because later trials on a particular 9-digit number must

always be later in practice than earlier trials, and also blecause this confounding of specific

and nonspecific practice elfects is more serious the greater the interval between repetitions

of a specific number. This confounding has been eliminated, at least to my satisfaction, by

determining the function that seemed to be the most appropriate fit to the practice curve based

on first occurrences of specific numbers. This function was then used to correct obtained

scores on the 2nd, 3rd. and 4th repetitions of a specific number in a manner and amount

appropriate to the expected nonspecific practice effect.

A preferred measu,'.2 of the effect of repetition in this situation is the mean number of

digits correctly recalled in their proper positions. In Figure 8 is shown the mean number of

digits correctly recalled, as a function of ordin.,, position of the first occurrence of a 9-digit

number within the experimental session. This merely confirms my statement about practice

effects, exhibits the equation used for corrections for general practice effects, and permits

observation of the large variability.of mean performance in this type of experiment.

The principal data from the experiment are shown in Figure 9. The effect of repetition of a

specific 9-digit number is plotted, the parameter being the number of other different 9-digit

numbers that intervened between successive repetitions of the specific number. In these curves

the points for first-repetition performance are obtained points, and those for performance on

the 2nd, 3rd, and 4th repetitions have been corrected for nonspecific practice effects. In Figure 10

these last data are expressed as gains in performance over performance on the first occur-

rence of a number. Comparable data for gains in the frequency with which entire 9-digit nuni -

hers were correctly recalled show the same relationships.
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U
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0

z 6.5
Y =0.71 log x 6.15
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ORDINAL NUMBER OF TEST IN SESSION

FIGURE 8. THE NONSPLCIFIC PRACTICE E FFECT IN THE RECA LL OF NEW NDDIFFER-
ENT 9-DIGIT NUMBERS IN THE COURSE OF THE EXPERIMENT

These data not only confirm the Hebb, data but also add substanrce to an argument for a

continuum of immediate, short-term, and long-term memorY. ~Just as a continuum theory

would have predicted Hebb's results with two initervening numbers between rep~etitions of a

specific number, it also would predict that the repetition effect would he a decreasing function

of the number of intervening nur hers because between-repetition retroactive inhib~ition is

being increased. Even so, I am not sure that -,yy theory would have Predicted that one would

need to place as many as 8 other 9-digit numbers in b~etween rcpf'titions of a slpecjific 9-digrit

number before the repetition. effect would be washed out. Surely, the structural ilemnory trace

established by a single occurrence of an event must be extraordinarily persistent.
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REPETITIONS

FIGURE 9. DIGITS RtEC.ALILED VS. REPETIITION. Mean number of digits correc'tly recalled,
S~~as a function of the nutr• er" of repetitionts of the specific 9-digit number and of the number of

other 9-digit numbl[ers that intervened between repetitions. The data points for thle first repeti-
tion are obtained values; the data points for the secoend, third, and fourth repetitions reflect

correctfions for nonspecific practice effects.

With respect to our hypothetical fatniily (If retention curves ba:sed On1 the number of chunks

In the to-be-remembered unit, we can now with some confidence say that events which contatin

chunks beyond the normal memory span evan be brought to thle criterion of perfect immediate

recall by reducing the number of chunks through repetition. If this empirical model involving

chunks and repetitions to predict short-term forgetting is valid, it should be possible to show

that a supraspan 9:-chunk unit that is reduced to 7 chunks through repetition would have the

short-term forgettintg curve of a 7-chunk unit, and onle reduced through repetition to a 3-chunk

unit shotld have a 3-chunk short-term forgetting curve. Even though this prediction is prob-

ably much too simple -minded, it now reqluires no stretch of my imagination to conceive of the
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"in nidiato o r short -t('rm rin enivry f )r i r -'ii~s -mef Th4 ~An r.f r:'

srani unlits. l ike 12 serial nonsense s% I a I ýTs P r 8 ; i r6d A~ .w i:Ot, - 1'
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FIGURE 10. GAINS IN DIGITS RECALLED VS. RE PETITIONS. Mean gains in number oIf digits
correctly recalled, as a function of the numb~er of repetitionis of a specific 9-di-it number and
of the number of other 9-digit numbers that intervened between repetitions. All gain scores

have been corrected for nonspecific practice effects.

4
IMPLICATIONS

We may now turn to the implications these data onl short-term memory seem to 11e to have

for a theory of memory. I will attempt no finlely spunl th~or-y, because suich is Ilthl y talent

nor my Interest. Also,j~ can be brief Ibecau se, aged lunctiona list that f ami, I would he thle firnst
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to admit -- even insist - that niy infterr'e's are stated wNith ('o"fidcre cr-h !-)r 0e st-ra:, '4"A

retrieval oif verbal material denoinstraiv)-, ficodud Iby adult hum j,ýiný Ss.

Tile (duplexity theory of mnerwory strorage, must. it scesnig to) me~. vifý!rt to the( rl ('1Icr,

favorin-g a continuum of STM and LTM,% or else come 'ip with an adt-juzie accovuntimn, for thp

ev~idence presented here. My preferunce is fo)r a thf-oretical strat. f that ;iacrepts ;TMx-d

LTIN as mediated by a single type of storage meuchanism. I." SuCh 3 Coati:nuum. freucimcv of

repetition appears to be the Impo-rtant iii1ependent variable. -churkint: seems to b~e tile ill,

portant intervening variable, and the slope' of the retentirn clirre is the important deppendent

variable. I am persuaded of this by the, orderly way in which repetition olerates on)i both sub-

span units and supraspan units to Increase the probability of retrieval in recall, and also bYv

the parallelism between STM and LTM that is revealed as we look at STNI with the conceptual

tools of the interference theory of forgetting which was developed fromt data on LTM.

Thle evidence that implies a continuum of STM and LTNI also relates, of course, to sonmc

of the other issues about the characteristics of memory storage. Although it is perhaps too

early to say that the autonomous decay of traces h.1s no part in forgetting, whether short-term

or long-term, I see no basis for assumingr that such decay has the extreme rapidity sometimes

ascribed to it or for assuming that it accounts for a very significant portion of the forgetting

that we all suffer continually and in large amounts. Onl tile contrary. thle data fromt both STM

and LTM tempt one to the radical hypothesis that every perception, however fleeting and em-

bedded in a stream of perceptions, leaves its permanent "structural" trace lin the CNS.

lin so far as I can understand the implications of the consolidation hypothesis about memiory

storage, I must concur ith Hebb's [371 conclusion that his exýperfiment demonstrates the fixa-

tion of a structural trace by a single repetition of an event and without the benefit of autonomous

consolidation processes. lIt fact, I think that our repetition and extension of his experiment

establishes that conclusion even mior, fIrmly, because it shows that the retrievability of the

trace of the first experience of a specific 9-digit numbher Is a decreasing function of the amount

of reuse of the elements In the interval between repetitions. Therefore. as far as our present

dlata go,' It speems proper' to concelude that a1 conlsolidatfion proress ext('nllting overI more thanl a

few seconds is not a necessary condition for the fixation of a structural trace. This does not,

of course, deny that consolidation may he a necessary condition in other types of le-arning or

other types of organism, nor does it denty that types of experience (e.g., Kleinsinith and Kaplan

[541, Walker [551) other than the mundane renmenmbering of nonsense strings of letters or words

mlay b~enefit fromt such autonomous consolidation processes if they are permitted to occur.
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The issue as t, whether memory tracifs are staL!ished z' z-: icr ,tnt a--.

fashion can be refined, but not resol wed, on tho, basis of ,iur .fysrvati s ' -. - r ,. r,'(

ory. In all of the experiments with the Petursons' rnr', tA . the- i-itial !peri , i

that S encoded, i.e., learned, the tou-ne-re m 'r, d 0!' it jc a sin,..-1e I - src'+"d 1rrsfitatij:n f)f

it before the retention interval was introduc4. This; is ",,--tri a! leri r ! : a mor(,e exn('!

sense than has been true of variotus attemnpt, , tdtrt . aill-or-norne privciple iný

associative learning (Postman 1 101). Yet fori-,ttinz, was rapid and stron'.zlv a funrction of the

amount of potential intraunit interfertnc-Ž in tho t-I-r-mebered unit. AIs., this unit that

was perfectly remembered after one repctition was better remembered atecr mnultiple massed

repetitions. The proper question in the case of verbal associative learning seems, therefore,

to be which chi'racteristics of the trace storaize reflect the uffects of rEpetiti(ns on perform-

ance, rather than the question whether such associative connections reach full effective

strength in one trial. The question whether repetitions multiply the number of traces leading

to a particular response or produce incremental changes in spccific traces seems to me to be

subject to direct experimental attack. Perhaps again because of my Functionalist background,

I am inclined to believe that future research will show that both the multiplexing of traces and

the incremental strengthening of traces results from repetition. Which mode of storage

carries the greater burden in facilitating retrieval will depend on the variability of stimulation

from repetition to repetition and the appropriateness of the sampling of this prior stimulation

at the time of attempted retrieval.

Finally, with respect to the retrieval process, the theory of which is dominated by trans-

fer theory for LTM, it seems that the placing of STM and LTM on a continuum-and the reasons

for doing so-forces th( interference theory of forgetting to include the prediction of for-

getting in STM within its domain. At least, the testing Of the theory in that context will extend

its importance as a general theory of forgetting, if it survives the tests, and will quickly reveal

the discontinuity of STM and LTM, if in fact they are discontinuous.

Whatever may be the outcome of these theoretical and experimental issues inl tile next few

years, we canl be certain of one thing at this time. The revival of interest in short-term

memory and the new techniques that have been devised for the analysis of short-term memory

will enrich and extend our understanding of human memory far beyond what could have been

accomplished by the most assiduous exploitation of the techniques of rote memorization of lists

of verbal units. In fact, our evidence on STM for near-span and supraspan verbal units sug-

gests that the systematic exploration of the retention of varying sizes of units over short and

long time intervals will give new meaning to research employing lists.
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